creased infection risk by half compared with patients who were administered 30% oxygen (5% vs 11%). However, a recent study by Pryor et al 7 concluded that the risk of infection in a general surgical population doubled in patients who were administered supplemental oxygen during surgery (25% vs 11%). In light of this disparity, we tested the hypothesis that supplemental perioperative oxygen reduces the risk of wound infection.
METHODS

Patient Characteristics
We enrolled 300 patients aged 18 to 80 years between March 1, 2003, and October 31, 2004 , who underwent elective colorectal resection in 14 hospitals in Spain. Patients having abdominal-peritoneal reconstructions were included but not those scheduled for minor colon surgery (eg, polypectomy, isolated colostomy) or laparoscopic surgery. The ethics committee at each hospital approved the protocol and written informed consent was obtained from each patient.
Exclusion criteria included expected surgery time of less than 1 hour, fever or existing signs of infection, diabetes mellitus (type 1 or 2), human immunodeficiency virus infection, weight loss exceeding 20% in the previous 3 months, serum albumin concentration of less than 30 g/L, and a leukocyte count of less than 2500 cells/mL.
Study Protocol
Mechanical bowel preparation was performed with an electrolyte solution that did not contain antibiotics or antiseptics. Antibiotic prophylaxis with metronidazole plus cefoxitin or a thirdg e n e r a t i o n c e p h a l o s p o r i n w a s administered 60 to 90 minutes before the surgical incision and continued postoperatively for up to 48 hours. Aminoglycosides were used as an alternative to ␤-lactam antibiotics in patients who reported a history of cephalosporin allergy. Anesthesia induction and treatment were standardized across all patients.
Randomization to intervention was stratified by study center. Computergenerated codes were maintained in sequentially numbered opaque envelopes. The randomization envelopes were opened in the operating department after induction of anesthesia by the anesthesiologist. Patients were assigned to an oxygen/air mixture with a fraction of inspired oxygen (FIO 2 ) of 30% or 80%. The displays of the anesthesia machine and gas monitors were covered with cardboard shields in both the operating department and postanesthesia care unit to keep the surgical team blinded to group assignment. Patients were not informed of their group assignments.
When the operation was finished, the inhaled anesthetic was stopped and FIO 2 was increased to 100% during extubation. During the first 6 postoperative hours, all patients were administered nonrebreathing facemasks with a reservoir (Intersurgical, Wokingham, Berkshire); oxygen was provided at the randomly designated concentration at a total flow of 16 L/min. Subsequently, patients breathed ambient air, although supplemental oxygen was provided as necessary to maintain oxygen saturation as measured by pulse oximetry (SpO 2 ) of at least 92%.
The attending anesthesiologist in the operating department and during the initial 6 postoperative hours was independent of the team doing the wound evaluation. At the end of 6 hours, the anesthesia and postoperative records were sealed in an envelope to maintain blinding of the surgical team and the investigators who evaluated wound status. This allowed the surgical team and the wound evaluators to remain blinded during data collection.
Perioperative normothermia was maintained with circulating-water mattresses and forced-air heaters. Fluids were administered intraoperatively at a rate of 15 mL/kg per hour; blood loss was restored with crystalloids or colloids and, when necessary, with leukocyte-filtered allogeneic red blood cell concentrate. Fluid was administered at 3 mL/kg per hour during the first 6 postoperative hours and then reduced to 2 mL/kg per hour after patients were transferred to the ward. Surgical wounds were covered with conventional gauze bandages. An antiseptic solution was applied on the surface of the surgical wound, but neither intraperitoneal antibiotics nor antiseptics were instilled.
If patients reported a postoperative pain score of more than 3 cm on a 10-cm visual analog scale (0 cm indicates no pain and 10 cm indicates worst pain imaginable), they were administered intramuscular or intravenous morphine and nonsteroidal antiinflammatory drugs. The attending surgeon, who was unaware of the patient's oxygen treatment, controlled the use of analgesic agents. The attending surgeon also determined initiation of feeding, ambulation, and the duration of hospitalization.
Measurements
Medical history was recorded and a systematic physical examination was performed preoperatively. Patients were considered to have respiratory disease when they had a history of chronic obstructive pulmonary disease, asthma requiring routine medication, or other clinically important respiratory impairment. Laboratory testing included a complete blood cell count; biochemical analysis, including blood glucose; and coagulation tests. Infection risk was evaluated using the Study on the Efficacy of Nosocomial Infection Control (SENIC) scale. 3 The National Nosocomial Infections Surveillance System (NNISS) scale 8 was also used, which includes an evaluation of physical condition according to the American Society of Anesthesiologists physical status score. 9 The SENIC and NNISS scores have been extensively validated, and larger values with these scores indicate a greater risk of infection.
Electrocardiogram, heart rate, noninvasive blood pressure, FIO 2 , SpO 2 , and end-tidal concentrations of carbon dioxide and sevoflurane were continuously monitored during the surgery.
Electrocardiogram, heart rate, noninvasive blood pressure, SpO 2 , and FIO 2 were monitored while the patient remained in the recovery room. An arterial blood sample was obtained 1 hour after induction of anesthesia to evaluate partial pressure of oxygen (PaO 2 ); another sample was obtained 2 hours after extubation. Core temperature was recorded from the tympanic membrane.
Surgical wounds were assessed daily for infection by surgeons who were unaware of patients' treatment groups. Wounds were considered infected when they met Centers for Disease Control and Prevention definitions. 10 Purulent exudates were cultured and, when positive for pathogenic bacteria, appropriate antibiotic treatment was initiated. Only those infections diagnosed during the first 14 postoperative days were included.
Wound healing characteristics were also evaluated using the ASEPSIS score (Additional treatment, Serous discharge, Erythema, Purulent exudate, Separation of deep tissues, Isolation of bacteria, and duration of inpatient Stay). 11 This is an established and validated system that is derived from the weighted sum of points assigned for the following factors: duration of antibiotic administration; drainage of pus with the patient under local anesthesia; debridement of the wound with the patient under general anesthesia; serous discharge; erythema; purulent exudate; separation of deep tissues; isolation of bacteria from discharge; and hospitalization exceeding 14 days. A daily score of 20 or more was considered evidence of infection. 12 Discharged patients were observed in the outpatient surgical clinic to assess wound status on day 15. Records were kept of physical examinations, heart rate, noninvasive blood pressure, temperature, and laboratory test results (similar to those obtained preoperatively) after 24 hours and on the day of hospital discharge; these values were also recorded on postoperative days 4, 7, 10, and 14 in patients who remained hospitalized. The times of return of bowel function, restarting feeding, ambulation, and removal of staples were also recorded. A record was also kept of whether patients had any of the following risk factors: urinary catheter, central venous catheter, mechanical ventilation, treatment with immunosuppressant medications, or parenteral nutrition.
Statistical Analysis
A preliminary study indicated that the baseline infection rate in patients undergoing major colon or rectal surgery was 25% in 3 of the participating centers. Although this incidence appears large, it is consistent with literature indicating that the infection rate in highrisk patients, such as in our study, ranges up to 36% 13 and that rates of infection are usually underestimated by clinicians.
14 Sample size analysis indicated that 300 patients would be required to provide 80% power for detecting a 50% reduction in wound infection rate at ␣=.05. We therefore planned to enroll 300 patients. Our primary outcome was any surgical site infection (SSI); secondary outcomes included return of bowel function and ability to tolerate solid food, ambulation, suture removal, and duration of hospitalization.
An independent data and safety monitoring board blinded to group assignment evaluated the case-report forms from each patient. Data from forms that were substantially incomplete, either because the patient dropped out of the study or because of data collection problems, were excluded from further analysis but included in a sensitivity analysis. Data from patients who were unexpectedly switched to laparoscopic procedures after enrollment were excluded from the analyses.
Intraoperative values were averaged over time in each patient; these means were then averaged across the entire treatment group. The distribution of the principal continuous variables in each group was compared using 2-tailed t tests for parametric data. 2 Tests were used for discrete variables. MannWhitney U (Wilcoxon) tests were used for nonparametric data. Data were reported as mean (SD), unless otherwise indicated; PϽ.05 was considered statistically significant. Statistical analyses were performed by using SPSS version 11.0 (SPSS Inc, Chicago, Ill).
The risk of SSI associated with each study group and other potential risk factors was determined by calculating the cumulative incidence. To evaluate the relationship between the FIO 2 group and other potentially predictive factors and wound infection, the respective relative risks (RRs) were calculated. Finally, a logistic regression analysis was performed to determine the effect of 80% FIO 2 adjusted for the remaining potential risk factors for wound infection and the effect of participating hospitals. Those variables with PϽ.25 in the univariate (simple) analysis were included in the multivariate logistic regression analysis. These variables included sex, weight, age, coexisting respiratory disease, allergy, lymphocyte count, hemoglobin, glucose, and other potential wound infection predictive factors, such as SENIC and tobacco smoking.
Manipulation of variables in the model was performed using the Enter method, which forces the introduction of all the variables of interest under the specified criteria. The goodness-of-fit of the model was evaluated with the HosmerLemeshow method.
RESULTS
We collected data from 300 patients who were enrolled and randomized; however, 9 patients were excluded from the main analysis because 2 had low preoperative albumin values, 2 had laparoscopic surgery (surgeon changed to laparoscopic surgery after induction of anesthesia), and 5 had incomplete case-report forms (FIGURE). Among the remaining 291 patients, 143 received 30% perioperative oxygen and 148 received 80% perioperative oxygen. Type and duration of antibiotics administered during the first 48 hours were similar in the 2 groups. The mean (SD) duration of surgery was 159 (61) minutes in patients assigned to 30% oxygen and 161 (62) minutes in those assigned to 80% oxygen (P=.80).
Morphometric, demographic, and other preoperative characteristics were similar in the 2 treatment groups except that patients assigned to 80% oxygen were slightly shorter in height and more often women ( Nine patients had to be admitted in the intensive care unit immediately after the operation because of postsurgical complications. Two patients died during the study period (including the 1 patient mentioned above), both from multiorgan failure of septic origin. Both of these patients were assigned to 
COMMENT
In this randomized trial of 80% vs 30% inspired supplemental oxygen in the operative and perioperative period, we found that 80% supplemental oxygen reduced the risk of SSI by 39%. When controlling for multiple contributing factors, the reduction in SSI risk associated with 80% FIO 2 was nearly 54%. Patients with infections had significantly longer hospital stays and delays to ambulation. This observed risk reduction was similar to the 2-fold reduction reported by Greif et al 6 in 500 patients and also consistent with the study by Hopf et al, 5 showing that infection risk is inversely related to tissue oxygenation. In contrast, a recent study by Pryor et al 7 with only 160 patients reported that supplemental oxygen increases the risk of infection. It is thus worth considering why the results of Pryor et al differ so markedly from other available data.
Pryor et al 7 did not specify the baseline infection rate they used, making it impossible to confirm their estimate that †PϽ.05. ‡Includes volvulus syndrome, diverticulitis, polyposis, and bridles. §ASA I indicates a healthy patient; ASA II, a patient with mild systemic disease; and ASA III, a patient with severe systemic disease. ||History of ear, nose, and throat; eye; and psychiatric problems. ¶Includes laparotomy, colostomy, reconstruction of Hartmans operation, segmentary resections, and combined procedures. #With the SENIC scoring system, 1 point each is assigned for the presence of 3 or more diagnoses, surgery lasting 2 hours or more, surgery at an abdominal site, and the presence of a contaminated or infected wound. The NNISS scoring system, a risk index score ranging from 0 to 3, is the number of risk factors present among the following: a patient with an ASA preoperative assessment score of 3, 4, or 5; an operation classified as contaminated or dirtyinfected; and an operation lasting over T hours, where T depends on the operative procedure being performed. **Postoperative glucose concentrations are the means of measurements taken on postoperative days 1, 4, 7, 10, and 14. 300 patients would be required to detect a 40% reduction in the infection rate. But to have an 80% power to detect the 40% risk reduction that they specified from 25% (our baseline) or from 11% (baseline by Greif et al 6 ) would require 540 or 651 patients, respectively; and to detect a 40% increase would require 698 or 930 patients, respectively. The study thus appears to have been underpowered and then stopped after only 160 patients were randomized. The authors specify that 160 patients was an a priori stopping point, although 53.3% of the anticipated sample size is a curious a priori stopping point.
A second limitation is that the treatment groups in the study by Pryor et al 7 were not homogeneous. For example, in their study, patients assigned to 80% oxygen weighed more and were more than twice as likely to have a body mass index (calculated as weight in kilograms divided by the square of height in meters) exceeding 30. Patients assigned to 80% oxygen also had longer operations, lost significantly more blood, and required significantly more fluid replacement. Furthermore, Pryor et al 7 failed to control many variables believed to influence infection risk, including anesthetic, fluid, antibiotic, and pain treatment. In contrast, characteristics of the patients we randomized to each treatment group were comparable, aside from minor differences in height and sex, neither of which is known to influence infection risk.
A third limitation of the study by Pryor et al 7 is that wound infections were determined by retrospective chart review; a review that was apparently conducted by unblinded investigators. This insensitive method contrasts markedly with the daily blinded wound evaluations used in our study and in the study by Greif et al. 6 It is possible that these method problems contributed to a result that is inconsistent with considerable in vitro, in vivo, and clinical data.
All surgical wounds become contaminated to some degree. The primary determinant of whether contamination is established as a clinical infection is host defense. Host defense is most critical during a decisive period lasting a few hours after contamination. For example, antibiotics ameliorate infections and hypoperfusion aggravates infections only during the first few hours after contamination. 15 The decisive period for oxygen remains unknown but may be far longer than for antibiotics. Our patients were maintained at the designated oxygen concentration during surgery and for 6 postoperative hours. In contrast, Greif et al 6 provided supplemental oxygen for only 2 postoperative hours. The results, however, were nearly identical, which suggests that 2 hours may be sufficient. Only a direct comparison within a single study will identify the optimal postoperative duration of supplemental oxygen therapy. As an exploratory analysis, we considered the relationship of tobacco smoking and SSI. Tis- To convert glucose to mmol/L, multiply by 0.0555. *Categorical variables include FIO2, male sex, respiratory disease, allergy, SENIC score, and tobacco smoking. Continuous variables include weight, age, preoperative hemoglobin, and preoperative glucose concentration. †See "Methods" for list of all variables included in the multivariate analysis. ‡With the SENIC scoring system, 1 point each is assigned for the presence of 3 or more diagnoses, surgery lasting 2 hours or more, surgery at an abdominal site, and the presence of a contaminated or infected wound.
sue oxygenation decreases significantly for 1 hour after cigarette smoking 16 and it has been suggested that smokers have a higher infection risk. 2, 17, 18 Consistent with recent studies, 6 ,19 however, we found no significant increase in the risk of infection among smokers. One explanation for this finding is that the effect of smoking on tissue oxygenation is timelimited. Because patients are no longer allowed to smoke in the hospital, sustained smoking-related reductions in tissue oxygenation may be occurring less frequently.
There are several limitations to our study. The baseline infection rate in our patients was roughly twice that in the study of Greif et al. 6 However, infections are multifactorial and depend on numerous factors, including the type of procedure, 8 duration of anesthetic, 3 control of anesthetic factors, and body temperature. 2 The baseline rate identified in our study was well within values reported in recent series 20, 21 and the groups were homogeneous and treated comparably except for the randomized inspired oxygen concentration. Furthermore, the diagnostic method used to describe infection may have affected our results. In the study by Greif et al, 6 infection was considered only when cultures of the wound were positive. However, according to Centers for Disease Control and Prevention criteria, infection can be present without laboratory confirmation and, in our study, the blinded wound evaluator considered any of the following as confirmation of infection: purulent drainage, with or without laboratory confirmation; organisms isolated from an aseptically obtained culture of fluid or tissue; at least 1 of the following signs or symptoms of infection (pain or tenderness, localized swelling, redness, or heat, and the incision was deliberately opened by surgeon, unless incision was culture-negative); or independent diagnosis of incisional SSI by the surgeon or attending physician. Another potential limitation is that we only considered infections that occurred in the first 15 days after operation and may have missed subsequent infectious events. Previous studies 2, 5, 6 indicate that wound infections are usually detected within this time frame; however, 70% of the wound infections in the study by Grief et al 6 were detected in the first 10 days after surgery. 22 In conclusion, supplemental 80% FIO 2 during and for 6 hours after major colorectal surgery reduced postoperative wound infection risk by roughly a factor of 2. This result is consistent with most available in vitro data and 1 other appropriately designed RCT. 6 Supplemental oxygen appears to confer few risks to the patient, has little associated cost, and should be considered part of ongoing quality improvement activities related to surgical care.
